Abstract A 12-year-old hairy root culture of Cichorium intybus L., a callus culture of the plant as well as roots and leaves of a wild plant of chicory, and roots of two C. intybus L. var. sativum cultivars were examined in respect of their hydroxycinnamate and sesquiterpene lactone compositions and contents. Total phenolics and diphenylpicrylhydrazyl radical scavenging activity of the examined plant tissues were also analyzed. The most active in radical scavenging were extracts from the hairy roots and leaves of chicory. 3,5-Dicaffeoylquinic acid was the major antioxidant present in the hairy roots. Its content in the root biomass reached 5.5 %, calculated on a dry weight basis. 8-Deoxylactucin glucoside (crepidiaside A) was the major sesquiterpene lactone in the hairy roots. Its content reached 1.4 %, calculated on a dry weight basis, and was nearly two orders of magnitude higher than that in the roots of wild chicory plant. The glucosidic derivative of 8-deoxylactucin constituted over 85 % of the total sesquiterpene lactone content in the long-term cultured hairy roots of chicory. Aglycone of this compound was reported to possess anti-inflammatory activity. The qualitative and quantitative analyses of hydroxycinnamates in callus and hairy root cultures of C. intybus were undertaken for the first time.
Introduction
Chicory (Cichorium intybus L., Asteraceae, tribe Cichorieae) is a wild plant species native to Europe, Western Asia, and Northern Africa. It is known as a traditional herbal remedy used to promote appetite and digestion. Commercially grown root cultivars of the plant are raw materials for production of polyfructans [1, 2] . The most characteristic secondary metabolites of C. intybus are bitter-tasting sesquiterpene lactones (mainly lactucin-like guaianolides) [3] and phenolics (hydroxycinnamates and coumarins) [4] [5] [6] [7] . Lactucin-like guaianolides are potent anti-inflammatory agents. Of these, 8-deoxylactucin was reported to inhibit DNA binding of the transcription factor NF-κB and was identified as an inhibitor of cyclooxygenase-2 [8] . It also showed particularly high nitric oxide inhibitory activity [9] . Analgesic and sedative activities of lactucin-like guaianolides were confirmed by Wesołowska et al. [10] . Plant hydroxycinnamates are either free acids-hydroxyderivatives of cinnamic acid (e.g., caffeic, ferulic, synapic, and pcoumaric acids) or their conjugates. One of the most commonly occurring conjugates is 5-caffeoylquinic acid (5-CQA) also known as chlorogenic acid. Dicaffeoylquinic acids (DCQAs) along with tri-and tetracaffeoylquinic derivatives as well as mono-and dicaffeoyl conjugates with dicarboxylic aliphatic acids, most commonly tartaric and succinic acid, are characteristic constituents of Asteraceae plants. The compounds are well-documented radical scavengers and lipid peroxidation inhibitors [11] [12] [13] . They possess skin protecting activity against UV-induced damage [14, 15] and antiviral activity [16] [17] [18] . Moreover, caffeoylquinic acids play a role as infection and insect infestation inhibiting factors in plants [19, 20] .
Hairy root cultures may provide an alternative source for production of root-derived biologically active compounds at high and stable levels [21] . In our previous study, sesquiterpene lactones were isolated from Agrobacterium rhizogenes LBA 9402 transformed hairy roots of C. intybus [22] . High activity of a hydroalcoholic extract from the hairy roots in scavenging of the 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical prompted us to investigate phenolic constituents of the extract. This led to the isolation of four known hydroxycinnamates, including caffeic, 5-CQA, 3,5-DCQA, and 4,5-DCQA acids, and a new neolignan glucoside-(7S, 8R)-3′-demethyl-dehydrodiconiferyl alcohol-3′-O-β-glucopyranoside [23] . In addition, the sesquiterpene lactone 8-deoxylactucin glucoside was obtained for the first time from the hairy roots of C. intybus.
The aim of the present study was to evaluate the hairy roots of chicory as a source of hydroxycinnamates and sesquiterpene lactones based on comparisons of compositions and contents of these compounds, total phenolic contents, and antiradical activities, with those of chicory of wild origin, commercial varieties of root chicory, and callus culture of the plant.
Material and Methods

Standards and Reagents
Caftaric acid (CTA, purity >97 %) was purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). Cichoric acid (DCTA, purity >98 % by HPLC), 5-CQA (purity >97 % by HPLC) and 1,3-dicaffeoylquinic acid (cynarin, purity >99 % by HPLC) were purchased from Roth (Karlsruhe, Germany). 3,5-DCQA and the sesquiterpene lactone 8-deoxylactucin glucoside (crepidiaside A) were isolated in our laboratory from Lactuca virosa and C. intybus hairy root cultures, respectively [23, 24] . Purities of the compounds were ≥90.0 % (by HPLC). The remaining sesquiterpene lactones: 8-deoxylactucin, jacquinelin, jacquinelin glucoside (crepidiaside B), lactucin, 11β,13-dihydrolactucin, and lactucopicrin were isolated in the course of our previous studies from different Cichorium and Lactuca species [3, [25] [26] [27] . MeOH, n-hexane, and chloroform of analytical grade were purchased from POCh S.A. (Gliwice, Poland). Water was purified by a Milli-Q system (Millipore Corp., Bedford, MA, USA). MeOH and MeCN of HPLC grade as well as formic acid and glacial acetic acid were purchased from Merck (Darmstadt, Germany).
Plant Material
Leaves and roots of C. intybus L. and roots of C. intybus L. var. sativum (cultivars Dageraad and Sabau 3) were harvested during the first year of their vegetation period from plants grown in the glasshouse of the Garden of Medicinal Plants, Institute of Pharmacology, Polish Academy of Sciences (Kraków, Poland). A callus tissue and hairy roots of C. intybus were harvested from in vitro cultures maintained for over 10 years in our laboratory. The cultures were obtained and cultivated as described elsewhere [22, 28] . The hairy root culture of C. intybus, transformed by A. rhizogenes, was established from aseptic seedlings of the plant obtained from seeds of known wild origin, delivered by the Botanical Garden of Free University in Berlin (Germany). A. rhizogenes strain LBA 9402, containing agropine type Ri plasmid, pRi 1855, was used in the experiment. The hairy roots were induced on leaf explants, excised from the seedlings, and their transformed nature was proven by opine assay and rol genes detection in the plant genomic DNA. The roots were cultivated in a modified liquid MS medium [29] , containing ½ strength macronutrients and 3 % sucrose, on a gyrotory shaker (110 rpm.), at 25°C, under cool white fluorescent tubes (20 μE m
) with a 16-h photoperiod, and were subcultured every 4 weeks by inoculating 0.7 g of roots in 250-ml Erlenmeyer flask with 40 ml of the fresh nutrient medium. A time course experiment was performed by harvesting roots 5, 10, 15, 20, and 28 days after the inoculation into the fresh medium. Fresh (FW) and dry (DW) weights of roots, as well as hydroxycinnamate and lactucin-like guaianolide contents were estimated in the harvested plant material. The experiment was done in triplicate.
Quantification of Hydroxycinnamates and Caffeic Acid
Sample Preparation
The dried and pulverized plant material (0.1 g) was extracted with 70 % MeOH (10 ml) at room temperature for 3 h on a rotary shaker (100 rpm). The mixture was filtered and the residue extracted once more with 10 ml of the fresh solvent. The extracts were combined and evaporated to dryness under reduced pressure. The dry residue was redissolved in 70 % MeOH (1 ml) and centrifuged (11,340×g, 5 min) prior to HPLC analysis.
RP-HPLC Analysis
Analytical RP-HPLC separations of the samples were performed using an Agilent 1200 Series HPLC system (Agilent Technologies, USA) equipped with a Rheodyne manual sample injector, quaternary pump, degasser, column oven and a diode array detector. Chromatographic separations of hydroxycinnamates were carried out at 25°C, on a Zorbax Eclipse XDB-C18 column, 4.6×150 mm (Agilent Technologies, USA), with a mobile phase consisting of H 2 O/HCOOH/CH 3 COOH 99/0.9/0.1 (solvent A) and MeCN/MeOH/HCOOH/CH 3 COOH 89/10/0.9/0.1 (solvent B), at a flow rate of 1 ml min −1 , using 5 μl injections. The gradient elution conditions described by Spitaler et al. [30] were applied. The analysis allowed identification of the following hydroxycinnamates present in the plant material: CTA, Rt-6.6 min; 5-CQA, Rt-7.3 min; caffeic acid, Rt-8.5 min; DCTA, Rt-20.3 min; 3,5-DCQA, Rt-28.2 min, and 4,5-DCQA, Rt-36.10 min (Fig. 1) , based on their retention time values, online UV spectra and by co-chromatography with standard samples. The compounds were quantified using four-point calibration curves based on peak areas measured at 325 nm, prepared for cynarin, caffeic acid, CTA, DCTA, and 5-CQA (concentration range 0.02-1.50 mg ml
−1
). Moreover, two caffeic acid derivatives of unknown structures being minor constituents of the analyzed extracts could be detected in some of the samples (Rt-22.04 and 24.80 min). Their contents were calculated in reference to the chlorogenic acid calibration curve.
Quantification of Lactucin-Like Sesquiterpene Lactones
Sample Preparation The dried, pulverized plant material (0.1 g) was extracted twice with 10 ml of MeOH at room temperature. The combined extracts were evaporated in vacuo and the residue was dissolved in 70 % MeCN (1 ml), left to stand overnight at 4°C, centrifuged (11,340×g, 5 min) and analyzed by RP-HPLC.
RP-HPLC Separation and Quantitative Analysis
A sample (5 μl) was injected into a Purospher RP-18e (3×125 mm, particle size 5 μm) column (Merck, Darmstadt, Germany) which was eluted with a mobile phase consisting of water and MeCN, at a flow rate of 1 ml min
, at 40°C, using the aforementioned Agilent 1200 Series HPLC system. The gradient elution conditions described by Grass et al. [31] were applied. The retention time values of the analyzed compounds were as follows: 11β,13-dihydrolactucin (1), Rt-2.7 min; lactucin (2), Rt-3.5 min; 8-deoxylactucin glucoside (crepidiaside A, 3), Rt-9.0 min; 11β,13-dihydro-8-deoxylactucin glucoside (jacquinelin glucoside, crepidiaside B, 4), Rt-10.2 min; 8-deoxylactucin (5), Rt-13.5 min; 11β,13-dihydro-8-deoxylactucin (jacquinelin) (6), Rt-15.1 min; lactucopicrin/11β,13-dihydrolactucopicrin (7), Rt-26.8 min (Fig. 2 ). Quantification was done by measurement of peak areas at 260 nm with a reference to the standard curve derived from four concentrations (0.001 to 1.000 mg ml 
DPPH Radical Scavenging Assay
The dried and pulverized plant material (100 mg) was extracted twice with 12.5 ml of 50 % MeOH at room temperature. The combined extracts were evaporated in vacuo. The obtained residue was dissolved in 1 ml of 70 % MeOH, left to stand overnight at 4°C, centrifuged (11,340×g, 5 min) and the supernatant was diluted ten or a hundred times to obtain concentrations corresponding to 10 mg or 1 mg of the dry plant material per 1 ml of the sample, respectively. DPPH (Sigma-Aldrich, USA) was dissolved in methanol to obtain a stable free radical solution (100 μM). A solution (4 mM) of 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox, reference compound) was prepared by dissolving of 100 mg Trolox (Sigma-Aldrich, USA) in 100 ml of methanol. To a spectrophotometric cuvette (1 cm pathlength) containing 480 μl of the methanolic DPPH solution 20 μl of the diluted plant extract (final concentration 10 mg DW ml −1 or 1 mg DW ml 
Estimation of Total Phenolic Content
A reducing capacity of the plant material (total phenolic content) was estimated using FolinCiocalteu reagent as described by Velioglu et al. [33] . Results are expressed as ferulic and gallic acid equivalents.
Results
Hydroxycinnamate and Caffeic Acid Contents
Results of hydroxycinnamate quantification in the examined plant material are presented in Table 1 . Contents of the compounds in hairy roots of C. intybus were at least one order of magnitude higher than those found in roots of the intact plant and reached their maxima at the beginning of the stationary phase of the root growth. The total content of hydroxycinnamates in the biomass from the transformed root culture was also higher (7.0 % DW) than that in the roots (0.3-0.5 % DW) and leaves (3.6 % DW) of chicory. Moreover, substantial quantitative differences in the hydroxycinnamate patterns of the leaf and hairy root extracts were observed (Fig. 1) . The transformed roots accumulated mainly 3,5-DCQA (5.5 % DW) whereas DCTA was the major phenolic constituent of the chicory leaves (2.5 % DW). Likewise in the hairy roots, 3,5-DCQAwas the most abundant hydroxycinnamate found in the callus tissue. Unbound caffeic acid was present in the analyzed samples in minute amounts. Its content in the hairy roots of chicory reached 0.003±0.0008 % DW and was higher than that found in the roots of the intact plant (0.001±0.0001 % DW). Leaves of C. intybus and the callus tissue of the plant contained up to 0.01±0.0006 % DW of free caffeic acid.
Lactucin-Like Sesquiterpene Lactone Content
Contents of lactucin-like guaianolides, i.e., 11β,13-dihydrolactucin, lactucin, 8-deoxylactucin glucoside (crepidiaside A), jacquinelin glucoside (crepidiaside B), 8-deoxylactucin, jacquinelin, and lactucopicrin found in the plant material under study are shown in Table 2 . The highest content of the analyzed compounds (1.6 % DW) was estimated in the hairy roots of C. intybus. The plant material contained lactucin-like guaianolides almost exclusively in their glucosylated forms (Fig. 2) . 8-Deoxylactucin glucoside constituted over 85 % of the sesquiterpene lactones 
DPPH Radical Scavenging
Changes in the DPPH solution absorbance over time, after addition of the tested plant extracts (10 mg DW ml −1 ) and Trolox solutions: 1.0 and 0.1 mg ml −1 (4.0 and 0.4 mM, respectively) are shown in Fig. 3 . The hydroalcoholic extract from the hairy roots of chicory was the most active in this assay, followed by the extract from the leaves of the intact plant. Both extracts exhibited significantly higher activities than those from the normal roots and the callus tissue of the plant.
Total Phenolics Content
As expected [34] , total phenolics contents in the examined plant material (see Table 3 ) correlated with DPPH radical scavenging activities of the corresponding extracts.
Discussion
Hydroxycinnamates, flavonoids, phenolic acids, and anthocyanins (in red varieties) are considered to be responsible for high antioxidant and antiradical potential of chicory and lettuce leaves. In the present study, the hydroalcoholic extract from the hairy roots of chicory revealed unexpectedly high activity in the DPPH scavenging assay (Fig. 3) . The activity of the hairy root extract was higher than that of leaves and roots of the intact plant and C. intybus callus tissue. A quantitative RP-HPLC analysis of phenolic constituents in the examined samples was performed to explain differences in their antiradical activity. Essentially similar set of signals corresponding to hydroxycinnamates was observed in every of the analyzed samples (Fig. 1) . Only chromatograms of the extract from leaves of chicory showed some signals which could be ascribed to flavonoid compounds. The flavonoids (glycosides of quercetin, kaempferol, apigenin, and luteolin), which are partly responsible for antioxidant and radical scavenging activity of chicory leaves [6] , were absent from both transformed roots and roots of the intact plant. A reducing capacity of the plant materials was also assessed by means of colorimetric method using Folin-Ciocalteu reagent. The total phenolic contents (Table 4) when compared with the contents of hydroxycinnamates ( Table 1 ) clearly showed that hydroxycinnamates were responsible to high extent for antioxidant activity of the analyzed samples. According to Nicolle et al. [35] , contribution of DCTA alone to the total antioxidant power of hydroalcoholic extracts from lettuce (L. sativa) aerial parts exceeds 50 %. In green varieties of chicory, DCTA was also the most efficient phenolic constituent in trapping peroxyl radicals [36] . According to our study, 3,5-DCQAwas the most abundant hydroxycinnamate present in the callus and hairy root cultures of chicory. The compound also predominated in callus and hairy roots of L. virosa [24] and a callus culture of L. sativa var. crispa L. [37] . It is noteworthy that the hairy roots of chicory accumulated over two times more of 3,5-DCQA (5.5 % DW) than those of L. virosa (2.6 % DW). However, in the hairy roots of chicory, DCTA content was lower than that found in the hairy roots of lettuce. Similar differences in hydroxycinnamate pattern were observed in callus cultures of the plants. 3,5-DCQA was reported to possess hepatoprotective activity [38, 39] , so it could be responsible for anti-hepatotoxic effect of a chicory callus extract described by Zafar and Ali [40] . Total content of hydroxycinnamates in the examined hairy roots of chicory was c. 20 % higher (7.0 % DW) than that found in the chicory hairy roots grown in the dark (5.6 %) and also higher than that found in the transformed roots of L. virosa (4.5 % DW). A hairy root culture of witloof chicory (C. intybus L. cv. Lucknow local) reportedly produced coumarins, esculin and esculetin [41] . The coumarins, however, were absent from the hairy roots cultivated in our laboratory.
Lactucin-like guaianolides of chicory are often quantified after hydrolysis of their glycosidic (bounded) forms to corresponding aglycones. The procedure described by Tamaki et al. [42] is frequently adapted [43] . Very recently, another method has been reported by Ferioli and D'Antuono [44] employing a mixture of methanol, water, and formic acid as an extraction solvent. This mixture allows simultaneous extraction of sesquiterpene lactones and phenolic compounds but additional purification steps are necessary. In this study, we have observed that the presence of phenolics in the extract from the hairy roots resulted in difficulty with separation of some sesquiterpene lactones. As could be seen from Fig. 2a , hydroxycinnamates overproduced by the hairy roots are visible as a group of unseparated peaks at the initial part of the chromatogram. If lactucin and 11β,13-dihydrolactucin were present in the extract, their quantification would be impossible. Fortunately, both compounds were absent from the hairy root biomass as shown in our previous studies [22, 23] . Figure 2 also shows that we could directly analyze both free (aglycones) and glycosidically bound sesquiterpene lactones in the methanolic extracts from the examined plant materials by RP-HPLC/DAD. The applied gradient solvent system allowed simultaneous quantification of lactucin-like guaianolides and their 11β,13-dihydroderivatives, except for lactucopicrin and 11β,13-dihydrolactucopicrin which could not be resolved in the HPLC runs. The quantification of 8-deoxylactucin, described in our earlier paper [22] , was done following the procedure by Peters and Amerongen [45] based on at least partial hydrolysis of sesquiterpene lactone glycosides before chromatographic analysis. The content of the compound in the transformed roots reached 0.35 % calculating on a dry-weight basis and was a sum of 8- deoxylactucin liberated after partial hydrolysis of its glucoside (crepidiaside A) and unbounded aglycone. In the present study, we have shown that 12-year-old hairy roots of chicory accumulated 8-deoxylactucin exclusively in its glucosylated form. In general, the transformed roots of chicory after 12 years of culture retained their capability to produce and accumulate lactucin-like guaianolides. The diversity of compounds accumulated by the hairy roots, however, remained limited in comparison to the biosynthetic potential of the intact plant [3] . The capability of roots of C. intybus intact plant to accumulate 8-deoxylactucin as the dominant sesquiterpene lactone was retained by the hairy roots of the plant, however, in the culture conditions the compound was glucosylated and stored in the cells, as no sesquiterpene lactones could be found in the culture medium. Łuczkiewicz et al. [46] reported on high content of pulchelin E in hairy roots of Rudbeckia hirta cultivated under constant light (88±8 μE m −2 s
−1
). The sesquiterpene lactone was absent from the intact plant and from the plant tissue cultures grown in the dark. The presence of light seems to be not a prerequisite for biosynthesis of sesquiterpene lactones in hairy roots of Cichorieae plants. Transformed roots of L. virosa, grown in the dark, produced sesquiterpene lactones characteristic of the intact plant, including lactucin-like guaianolides [24] . The hairy roots of chicory maintained in the dark also accumulated sesquiterpene lactones ( Table 2 ). The contents of the compounds, however, were lower than those found in the roots grown under the photoperiod.
Conclusions
The biomass from A. rhizogenes-transformed root culture of chicory could be an alternative source for the production of hydroxycinnamates with well-documented antioxidative, antiradical, and hepatoprotective activities. The plant material is an exceptionally rich source of 3,5-DCQA and 5-CQA acids. Moreover, the hairy roots accumulate the sesquiterpene lactone 8-deoxylactucin glycoside in high amounts. Its aglycone is known as an anti-inflammatory agent. Studies on regulatory mechanisms affecting the biosynthesis and accumulation of both phenolics and sesquiterpenes, using the investigated hairy roots as a model system, would be of interest.
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